Heritable predisposition to breast and/or ovarian cancer is determined, in part, by germline mutation aecting one of two tumor suppressor genes, BRCA1 and BRCA2 (Miki et al., 1994; Wooster et al., 1995) . These genes are required for the maintenance of genomic integrity and for control of homologous recombination in somatic and meiotic cells. Here, we explore the hypothesis that a major role of the BRCA gene products in the somatic DNA damage response centers upon the control of recombination between sister chromatids during S phase. By analogy with model organisms, we suggest that stalling of a mammalian DNA polymerase complex by its encounter with abnormal DNA structure calls forth a series of responses that collaborate to enforce appropriate recombinational outcomes, and to suppress inappropriate or`illegitimate' recombination. Oncogene (2000) 19, 6176 ± 6183.
Introduction
Biochemical, genetic and subnuclear localization data suggest a role for BRCA1 and BRCA2 proteins in the control of homologous recombination and double strand break repair (DSBR) (reviewed in Scully and Livingston, 2000) . Primary cells lacking BRCA1 or BRCA2 reveal spontaneous chromosome breakage, severe aneuploidy and centrosome ampli®cation (Patel et al., 1998; Shen et al., 1998; Tutt et al., 1999; Xu et al., 1999) . Plausible hypotheses have been advanced for understanding the tumor suppressor functions of BRCA1 and BRCA2 as`caretakers' of genomic integrity (Kinzler and Vogelstein, 1997) , although the cause of their tissue speci®c tumor suppressor actions on the breast and ovary is unclear.
Biochemical analysis of BRCA1 and BRCA2-associated proteins has suggested an increasingly rich picture. BRCA1 interacts tightly and colocalizes with at least one novel gene product of unknown function, BARD1 (Jin et al., 1997; Wu et al., 1996) . BRCA1 interacts and colocalizes with the recombination proteins Rad51 (Scully et al., 1997b) and Rad50/ MRE11/NBS1 (Wu et al., 2000; Zhong et al., 1999) . Interactions between BRCA1 and several transcription factors (reviewed in Monteiro, 2000) , replication factors and chromatin remodeling protein complexes (Bochar et al., 2000; Pao et al., 2000; Yarden and Brody, 1999) have been reported (reviewed in Irminger-Finger et al., 1999) . The wildtype C terminus of BRCA1 encodes transcriptional activation functions that are abolished in clinically relevant mutant forms of the BRCA1 C terminus (Chapman and Verma, 1996; Monteiro et al., 1996) . BRCA2 also interacts and colocalizes with Rad51 and BRCA1 Sharan et al., 1997) . BRCA2 has been reported to interact with at least one chromatin remodeling protein (Fuks et al., 1998) . In addition to a DSBR defect, BRCA1 mutant cells reveal defects in transcription-coupled repair of oxidative DNA damage and, in some cases, G2/M checkpoint defects (Gowen et al., 1998; Xu et al., 1999) . The full spectrum of BRCA protein activities, and the relation of such biochemical activities to tumor suppressor function, remains to be de®ned.
A recently developed functional assay for BRCA1 indicated that wild-type BRCA1 could restore ecient DSBR to a breast cancer cell line lacking endogenous wild-type BRCA1 (Scully et al., 1999) . In contrast, clinically-described missense mutant alleles of BRCA1, aecting any one of three distinct domains of the polypeptide, failed to complement the DSBR defect. This suggested that the DSBR activity measured in this assay contributes to a BRCA1 tumor suppressor function. If so, how are such DSBR functions applied to the somatic cell? At least three distinct mechanisms can give rise to DSBR in mammalian cells. These include homologous recombination (HR), non-homologous end-joining (NHEJ), and single strand annealing (SSA) (reviewed in Jasin, 2000) . Analysis of responses to a site-speci®c DSB, introduced into the genome of a unique murine embryonic stem cell clone lacking wild-type BRCA1, revealed a defect in DSBR attributable to a defect in HR and/or SSA (Moynahan et al., 1999) . In contrast, NHEJ appeared intact in such cells. Indeed, where examined, BRCA1 and BRCA2-de®cient cells ± both somatic and meiotic ± have revealed defects in homologous recombination but not in NHEJ (reviewed in Scully and Livingston, 2000) .
A function for the BRCA genes in S phase BRCA gene expression is induced at the G1/S boundary in cultured cell lines (Gudas et al., 1996; Vaughn et al., 1996a,b) and primary tissues (Blackshear et al., 1998; Rajan et al., 1996) , and the endogenous full-length gene products are similarly abundant during S and G2 phases of the cell cycle (Bertwistle et al., 1997; Chen et al., 1996) . This suggests that these proteins function, in part, subsequent to cell cycle progression commitment (which occurs in G1).
Several lines of evidence suggest that BRCA gene function aects recombination during scheduled DNA synthesis (S phase). During S phase, BRCA1, BRCA2, Oncogene (2000) 19, 6176 ± 6183 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc *Correspondence: R Scully Rad51 and BARD1 are concentrated into nuclear foci (`dots'), whose function is unknown Jin et al., 1997; Scully et al., 1997b) . Following exposure of S phase cells to several dierent types of DNA damaging agents, BRCA1 and associated proteins were found to rapidly disperse from the dots. In response to hydroxyurea (HU)-mediated replication arrest, or in response to sublethal doses of UV light, BRCA1 and associated proteins rapidly relocalized to sites within the S phase nucleus that contained PCNA, a DNA polymerase d and e processivity factor, which thereby serves as a landmark of sites of scheduled DNA synthesis Scully et al., 1997a) . This suggested that the BRCA proteins interacted with damaged replicating DNA and/or with stalled replication forks. Further, HU or UV treatment resulted in S phase-speci®c phosphorylation of BRCA1, coordinated in time with the above-noted relocalization of BRCA1 (Scully et al., 1997a; Thomas et al., 1997; and R Scully, unpublished) . Together, this implied that BRCA1 receives an S phase-speci®c signal in response to DNA polymerase stalling. In view of the similar relocalization of Rad51, this was interpreted as evidence of participation of BRCA1 and associated proteins in a recombinational response to abnormal DNA structure, generated close to the replication fork following HU or UV treatment (Scully et al., 1997a) . As discussed below, recombination between sister chromatids is thought to initiate in close proximity to the stalled replication fork. The relocalization properties of the BRCA complex therefore suggested a possible role in sister chromatid recombination.
Support for these observations came from work on partial loss-of function BRCA2 and BRCA1 mutant mice. Mouse embryonic ®broblasts (MEF) explanted from such strains revealed spontaneous anomalies in chromosome structure (Patel et al., 1998; Shen et al., 1998) . Particularly frequent were quadriradials, triradials and chromatid breaks, chromosomal lesions collectively termed`chromatid-type' errors. The identity and signi®cance of these lesions is discussed below. Brie¯y, cytogenetics has traditionally considered one cause of the`chromatid-type' error to be the attempted replication across a DNA adduct, or some other DNA polymerase stalling lesion, i.e., these lesions are generated during S phase. The other major class of chromosomal lesions,`chromosome-type' errors, are considered to arise from attempted replication across a double strand DNA break (DSB). The DSB in this latter case must have occurred prior to the onset of replication, such as in G0/G1. Some BRCA1 or BRCA2 mutant tissues also display spontaneous`chromosome-type' as well as`chromatidtype' lesions, suggesting a defect in recombination functions not entirely restricted to S phase (Shen et al., 1998; Sonoda et al., 1998) . Indeed, following gamma irradiation, BRCA1 is phosphorylated at each cell cycle stage, consistent with a role for BRCA1 in the DNA damage response in G1 and as well as in S phase (Scully et al., 1997a) . The DNA damage responsive kinase, ATM, plays a signi®cant role in phosphorylating BRCA1 in response to gamma irradiation (Cortez et al., 1999) . However, as discussed later, it appears that ATM plays little or no part in controlling the phosphorylation of BRCA1 in response to hydroxyurea or UV treatment (Cortez et al., 1999; Scully et al., 1997a) .
In subsequent sections, we shall attempt to build a speculative picture of how the S phase-speci®c responses of the BRCA gene product are connected with the chromatid-type errors seen in BRCA mutant tissue. This analysis is based upon principles determined in part from the study of model organisms.
Replication across a DNA polymerase-stalling lesion A UV-induced pyrimidine dimer, if encountered in G1 (where DNA is duplex), will be a substrate for nucleotide excision repair (NER). This mechanism of repair results in excision of the damaged DNA sequence, without disturbing the integrity of the undamaged complementary strand. The undamaged complementary strand serves as a template for repair synthesis, which is rapid and error-free. However, the same chemical modi®cation of DNA will have entirely dierent eects upon DNA structure if encountered during replication, when the damaged DNA template is single-stranded (ssDNA). In particular, the UV lesion may cause stalling of the DNA polymerase (Lehmann, 1972; Sarasin and Hanawalt, 1980) . Depending upon the location of the lesion with respect to the replication fork, such an event may cause either leading strand gaps, or a tract of persistent ssDNA on the lagging strand inaccessible to conventional DNA polymerases ( Figure 1 ).
Hydroxyurea (HU) inhibits ribonucleotide reductase, and results in the rapid depletion of deoxynucleotide triphosphates. As these substrates of the DNA polymerase become exhausted, replication is arrested. The result, for already established replicons, is stalling of the replication fork. In addition, incomplete synthesis of Okazaki fragments on the lagging strand may give rise to tracts of persistent single-stranded DNA (ssDNA), in close proximity to the stalled replication fork (Figure 1 ). Such lesions will be unique to S phase, since HU treatment should have no eect upon DNA structure in G1 (where DNA is duplex).
Thus, HU or UV treatments aect the replication fork in quite similar ways. Each will cause DNA polymerase stalling, and will generate tracts of ssDNA that are unusually persistent. Hydroxyurea treatment may therefore model, genome-wide, the immediate eects of attempted replication across a DNA polymerase stalling lesion. For reasons discussed below, the responses expected to such events include homologous recombinational responses.
DNA polymerase stalling and recombination in prokaryotes: daughter strand gap repair
Evidence of how the cell handles DNA polymerase stalling events came originally from studies in E. coli, using mutants defective in nucleotide excision repair, which in prokaryotes is controlled by the uvrABC set of genes. uvr mutants are unable to excise UV lesions from the genome, and are modestly sensitive to UV light. However, the uvr/recA double mutant, defective for both NER and homologous recombination, was found to be exquisitely sensitive to UV light (Howard-Flanders and Boyce, 1966) . Indeed, a single UV lesion in the genome was lethal to such a strain. In contrast, RecA single mutants were not sensitive to UV light. Thus, homologous recombination plays an essential role in tolerance of UV lesions that cannot be excised from the genome.
Clues about the mechanisms underlying this relationship came from biochemical analysis of newlysynthesized daughter strands. Following treatment of uvr mutant strains with short wave UV light, newlysynthesized daughter strands were found to be shorter than in undamaged cells of the same strain but, over time, they resolved into higher molecular weight DNA (Rupp and Howard-Flanders, 1968) . In contrast, UV treatment of RecA mutant strains produced short daughter strands that failed to resolve into higher molecular weight forms (Smith and Meun, 1970) . Thus, RecA played an essential role in the processing of daughter strand fragments into mature tracts of continuous DNA. These and other experiments indicated that replication across a UV lesion caused discontinuities in daughter strands, and that recombination was essential for resolving such lesions (reviewed in Friedberg et al., 1995) . These discontinuities were termed`daughter strand gaps', and the RecA-dependent resolution of these discontinuities, daughter strand gap repair' (DSGR). Note that DSGR does not invoke repair of the original UV lesion, merely resolution of daughter strand discontinuities, and is therefore a DNA damage tolerance process. If not excised, the UV lesion will have similar eects during subsequent cycles of replication.
Models based upon recombination between sister chromatids were advanced to account for these ®ndings, and remain the essential conceptual framework for understanding the relationship between replication arrest and recombination. Recent work produced the surprising ®nding that Holliday junction binding proteins may act upon stalled replication forks prior to strand exchange (Seigneur et al., 1998) . This topic has been the subject of extensive review recently (Kowalczykowski, 2000 and accompanying articles) . A key element of work in E. coli has been the recognition that DNA polymerase stalling is a common event in the absence of treatment with extrinsic DNA damaging agents (reviewed in Cox et al., 2000) . This is thought to account for the high rate of death occurring spontaneously in RecA mutants. Indeed, RecA, and a speci®c primosome complex controlled by PriA, are essential for the resumption of replication following replication fork arrest (reviewed in Marians, 2000) . This suggests that, in prokaryotes at least, recombinational processing of the stalled replication fork not only restores daughter strand continuity, but also helps to convert the fork into an ecient origin of replication.
DNA polymerase stalling and recombination in eukaryotes
The fundamental relationship in prokaryotes between replication arrest and recombination appears to be conserved in eukaryotes. Epistasis analysis in yeast has indicated an essential role for recombination in maintaining viability in response to DNA polymerase stalling. One study that illustrated this made use of a strain of S. cerevisiae carrying a mutant form of PCNA (pol30). A genetic screen revealed synthetic lethality between the pol30 mutant and the homologous recombination mutants rad52, rad54 or rad51. In addition, the pol30 mutant strain revealed a bias in newly synthesized ssDNA daughter strands towards the production of low molecular weight fragments (Merrill and Holm, 1998) . This suggested that the pol30 mutant was prone to interrupted daughter strand synthesis. By analogy with the`daughter strand gap' eect described in prokaryotes, the pol30 mutant was deduced to be prone to increased rates of spontaneous DNA polymerase stalling. Such a phenotype is consistent with the genetic defect in the pol30 mutant strain, which should partially inactivate PCNA and thereby decrease the processivity of PCNA-associated DNA polymerases. Several other examples in S. cerevisiae point to the activation of recombination Figure 1 Abnormal DNA structure at the replication fork following attempted replication across a DNA polymerase stalling lesion or treatment with hydroxyurea. The ®gures depict simpli®ed schematic views of a replicon. Parental DNA strands are depicted in dark blue, and daughter strands in red. The bidirectional origin of replication is stippled as shown. (a) Scheduled DNA synthesis. Since DNA polymerases can elongate only in a 5' to 3' direction, DNA synthesis is semi-discontinuous. On the lagging strand, Okazaki fragments are generated and ultimately ligated to form the then continuous daughter strand. (b) Replication across a UV lesion. The UV lesion will cause DNA polymerase stalling and, if encountered on the lagging strand, as shown, may give rise to a tract of persistent ssDNA (indicated with an arrowhead) that is inaccessible to conventional DNA polymerases. (c) Hydroxyurea (HU) treatment. HU will deplete the pool of deoxynucleotide triphosphates, and thereby give rise to coordinated stalling of replication forks. If this occurs prior to the completion of Okazaki fragment synthesis, the remaining unreplicated region of the lagging strand will contain a tract of persistent ssDNA (indicated with an arrowhead). Note that the stalled leading strand may also be targeted for degradation to a DSB functions in certain replication mutants (Zou and Rothstein, 1997), and a role for recombination in supporting cell viability where replication is compromised (reviewed in Klein, 1995) .
In mammalian cells, treatment of S phase cells with DNA polymerase-stalling DNA damaging agents, such as UV light, provokes`sister chromatid exchange' (SCE) a specialized example of sister chromatid recombination (`SCR' ± Figure 2 ; Sonoda et al., 1999 and references therein). SCE is measurable in metaphase spreads of mammalian chromosomes by use of dierential labeling techniques. This allows cytological detection of exchanges between sister chromatids, a key requirement being that parental strands, not merely daughter strands, must be exchanged. In other experiments, ®broblasts exposed to short wave UV light in G0/G1 underwent switching of a pyrimidine dimer between sister chromatids during the subsequent S phase, consistent with the idea that exchange can occur between parental strands (Fornace, 1983) . The DNA intermediates that resolve to form an SCE are not known. However, SCE could arise from asymmetrical resolution of a double Holliday junction structure (Figure 2 ). SCE could, therefore, be considered an example of SCR accompanied by`crossing over'.
Like RecA mutants of E. coli, rad51 mutants of S. cerevisiae suer increased death during culture compared to wild-type strains. This is consistent with the idea, noted above for prokaryotes, that stalling of eukaryotic DNA polymerases is common in the absence of extrinsic DNA damage. In contrast to E. coli and yeast, vertebrate Rad51 function is essential for cell viability. Murine Rad517/7 embryos died very early in development (Lim and Hasty, 1996; Tsuzuki et al., 1996) . Chicken DT40 B cell lymphoblasts homozygously mutated for Rad51 were found to be absolutely dependent upon expression of Rad51 driven o an inducible transgene (Sonoda et al., 1998) . Oncogene DNA polymerase stalling and the BRCA genes R Scully et al When Rad51 expression was suppressed in such cells, spontaneous chromosome breakage (involving predominantly chromosome-type errors) was detected, leading to rapid cell death. Possibly, the lethality of Rad517/7 murine embryos may re¯ect the inability of a gastrulating embryo to survive a rate of cell death that is tolerable to a log phase culture of unicellular organisms. Alternatively, replication of the complex mammalian genome may give rise to DNA polymerase stalling events more frequently than in yeast or bacteria. By either argument, it would seem premature to interpret the lethality of Rad517/7 murine embryos as ®rm evidence of a novel`vertebrate-speci®c' function for Rad51.
DNA polymerase stalling in the absence of extrinsic DNA damage is presumed to occur by a mechanism similar to stalling induced by extrinsic DNA damage, i.e., by attempted replication across DNA lesions. Such lesions may arise spontaneously as a result of the action of endogenously generated genotoxins. These lesions may include unexcised DNA adducts, interstrand DNA cross-links, single-stranded DNA nicks and intermediates of other DNA repair events. DNA polymerase stalling may also be induced by replication across distinct types of DNA structure, not all of them`abnormal'. For example, hairpin structures, such as those that could be formed in S phase around short inverted repeats or trinucleotide repeat tracts, are potential causes of DNA polymerase stalling and may be recombinogenic (Akgun et al., 1997; Kang et al., 1995) .
One hypothesis advanced to account for the tissuespeci®city of BRCA-linked cancers supposes that the breast epithelium accumulates unusually large quantities of DNA adducts ± perhaps promoted by the speci®c concentration of genotoxic estrogen metabolites in estrogen target tissues (reviewed in Fishman et al., 1995) . It is interesting to speculate that a DNA adduct`buried' within constitutive heterochromatin may escape detection during G1, and hence may promote recombination when heterochromatin is replicated late in S phase. i.e., heterochromatin may be a`privileged site' for such forms of DNA damage. Perhaps the cyclic growth properties of the breast and ovarian epithelial permit heterochromatin to accumulate such DNA adducts during phases of quiescence, which ®rst become`visible' to cells late in S phase, during the hormonally-induced burst of proliferation characteristic of the breast epithelium.
Decisions at the`daughter strand gap': the evolution of chromatid-type errors
The`choices' made in handling recombinogenic lesions associated with replication arrest are complex. For example, eukaryotes possess alternative DNA polymerase systems that allow bypass of a pyrimidine dimer and translesional synthesis, with risk of mutagenesis across the lesion (Masutani et al., 1999; Bridges, 1999) . In contrast, recombination with the aligned, identical sister chromatid could, in principle, deliver error-free resolution of the ssDNA`daughter strand gap', via a DSB intermediate. The mechanisms that determine thè choice' between translesional synthesis and recombination in mammalian cells are unknown.
The recombinogenic tract of ssDNA, or its DSB derivative, may have homology with regions of heterologous chromosomes. Such homologous sequences could provoke recombination between heterologous chromosomes, resulting in`interchromosomal recombination'. Gene conversion accompanying interchromosomal recombination may result in mutation. In addition, if interchromosomal recombination is accompanied by crossing over, the result may be a balanced translocation between heterologous chromosomes, or the production of a dicentric chromosome or quadriradial'. A schematic outline of the evolution of such chromosomal rearrangements is presented in Figure 3 . These lesions, together with other`chromatid-type' aberrations, such as the triradial and chromatid break, are of immediate relevance to BRCA gene biology, since they are the major type of chromosome aberrations to arise spontaneously in primary cells deprived of BRCA gene function (Patel et al., 1998; Shen et al., 1998) .
The primary lesion in BRCA-mutated cells therefore suggests a defect in proper regulation of sister Figure 3 Evolution of the`chromatid-type' aberration. One example of the`chromatid-type' errors, which predominate in BRCA mutant primary cells, is the quadriradial. The quadriradial may arise from illegitimate interchromosomal recombination, accompanied by crossing-over. The ®gure depicts two heterologous chromosomes. The dark red patch indicates a ssDNA lesion and the lighter red patch a region of homology on the neighboring chromosome. Note that, for simplicity, the chromosomes are depicted as if condensed, whereas the recombination events are most likely to occur during interphase. Depending upon the orientation of the homologous tracts relative to the centromere, interchromosomal recombination accompanied by crossing over may give rise to either a balanced translocation (a) or a dicentric chromosome, also termed a`quadriradial' (b). Other types of chromatid-type aberration arise from illegitimate intrachromosomal recombination (`triradial') or from an unrepaired DSB in a single chromatid (`chromatid break') chromatid recombination (SCR). We need to understand more about the basic mechanisms governing these outcomes. Is SCR an inducible response? If recruitment of the BRCA complex to stalled replication forks is part of an ecient SCR response, this component of SCR would seem to be subject to modi®cation by signaling events, as evidenced by the coordinate phosphorylation of BRCA1 and, hence, may indicate that it is inducible. Is SCR a saturable pathway? Cells from patients with xeroderma pigmentosum (XP), which are de®cient in NER, are found to generate spontaneous, predominantly chromatid-type errors during passage in tissue culture (Huang et al., 1975) . In such circumstances, the genome of XP cells may be over-loaded with DNA polymerase stalling lesions. Presumably, a heavy lesion load falling upon S phase will provoke high levels of recombination and may saturate error-free SCR. Alternatively, the`choice' between SCR and spurious recombination may obey ®xed ratios, and the chromatid errors seen in XP cells may merely re¯ect increased overall rates of recombination during S phase.
If SCR is the preferred response to the`daughter strand gap', what mechanisms promote use of the identical sister chromatid, in preference to homologues or heterologues (Kadyk and Hartwell, 1992) ? One could imagine that both active/inducible and passive/ structural elements might collaborate to promote errorfree SCR over illegitimate recombination. Studies of Cre-mediated recombination in yeast suggest that mere' distance between LoxP sites in¯uences the rate of recombination (Burgess and Kleckner, 1999) . The same may be true for physiological recombination events. If so, sister chromatid cohesion, alignment and sequence identity may all conspire to promote use of the identical sister chromatid as the substrate for recombination. Conceivably, if BRCA mutation were to result in destabilization or misalignment of sister chromatid pairing, one outcome might be to reduce the preference for appropriate SCR over illegitimate recombination.
The mechanisms governing homologous recombination and crossing-over are only poorly understood within the context of the whole cell. Homozygous germline mutation of the Bloom's helicase gene predisposes to cancer in humans, and gives rise to spontaneously increased rates of SCE. Interestingly, the Bloom's helicase was recently reported to co-immunoprecipitate with BRCA1 . In view of the defects in daughter strand synthesis in Bloom's cells, it is tempting to consider the primary defect as one of DNA polymerase/replication fork processivity (Gianneli et al., 1977; Hand and German, 1977) . However, the fact that yeast strains mutated for Bloom's homologs exhibit sensitivity to HU points to a defect in processes subsequent to replication arrest, not only to an increased rate of DNA polymerase stalling (Stewart et al., 1997; Yamagata et al., 1998) . Indeed, the Bloom's helicase can act directly upon Holliday junctions in vitro (Karow et al., 2000) .
Signaling at the`daughter strand gap': Atr and the S phase checkpoint
As noted above, HU treatment provokes the rapid ATM-independent phosphorylation of BRCA1. The identity of the kinases involved in the HU response is not proven. However, much circumstantial evidence points to the large nuclear PI3 kinase-like protein, ATR, as a key mediator of that event. ATR is a structural and functional homolog of S. cerevisiae MEC1 and S. pombe rad3 Cimprich et al., 1996) . In yeast, mutation of MEC1 or rad3 abolishes HU-induced checkpoint responses, and HU-induced phosphorylation of target proteins (reviewed in Boddy and Russell, 1999) . Like BRCA1, BRCA2 and Rad51, ATR localizes to the axial element of the developing synaptonemal complex in primary mammalian spermatocytes during meiotic prophase I Keegan et al., 1996; Scully et al., 1997b) . Signi®cantly, ATR7/7 mice suer early embryonic lethality with a spontaneous chromosome breakage syndrome ± an outcome reminiscent of the Rad517/7 or BRCA7/7 phenotype (Brown and Baltimore, 2000) . This suggests that ATR controls repair responses, not only checkpoint responses. In this regard, BRCA1 or BRCA2 mutated cells have been found to retain HU-induced checkpoint functions (Patel et al., 1998; K Vlasakova and R Scully, unpublished observations) .
That the replication arrest (HU-induced) S phase checkpoint signaling system should signal to eector complexes responsible for recombination may seem a non-sequitur. However, analysis of the HU-induced replication arrest checkpoint in S. pombe has revealed targets of rad3 signaling that control tolerance of replication fork arrest, and are not absolutely essential for checkpoint responses to fork arrest (Lindsay et al., 1998) . Perhaps the tolerance processes lost in such mutants include recombination functions.
Chromatin remodeling at the`daughter strand gap'?
The biochemical activities that are brought to bear upon recombinogenic DNA lesions may be more extensive than those governing strand exchange, branch migration and other enzymatic processes traditionally associated with recombination. In yeast, speci®c chromatin modifying protein complexes are recruited to the vicinity of a DSB. The S. cerevisiae SIR proteins are known to play bifunctional roles in transcriptional silencing in chromatin around telomeres, and in supporting ecient repair of a DSB (Martin et al., 1999; Mills et al., 1999; Tsukamoto et al., 1997) .
In mammalian cells, the C terminal tail of histone H2AX becomes rapidly phosphorylated in tracts of chromatin surrounding a DSB (Rogakou et al., 1998 (Rogakou et al., , 1999 . The phosphorylated form of H2AX colocalizes, in part, with BRCA1, Rad51 and Rad50 foci in undamaged human somatic cells and in response to DNA damage (Paul et al., 2000; K Vlasakova and R Scully, unpublished observations) . This suggests that the BRCA1`dots' may represent a specialized form of chromatin structure. Perhaps, as suggested by the identity of some of their interaction partners, BRCA protein-associated complexes have chromatin remodeling properties, with dual roles in control of recombination and transcription, depending upon the demands of the cell. It will be interesting to determine whether the stalled replication fork is a trigger to modi®cations in the structure of neighboring chromatin and whether the BRCA proteins play a part in such a response.
